Little is known about vitamin A (VA) regulation of pancreatic endocrine mass in adults. Results: Decreased pancreatic VA causes increased ␣-cell to ␤-cell mass ratios, hyperglycemia, and hyperglucagonemia. Reintroducing dietary VA restores normoglycemia and ␣-cell to ␤-cell mass. Conclusion: VA is essential for maintenance of ␤-cell functions in adult pancreas. Significance: VA therapies may potentially prevent ␤-cell apoptosis and loss in diabetes.
Vitamin A (VA, all-trans-retinol (ROL)) 2 and its analogs and metabolites are collectively called retinoids (1) . Acting through the retinoic acid receptors (RAR␣, ␤, and ␥), all-trans-retinoic acid, a biologically active metabolite of VA, is essential for embryonic stem cell differentiation (1, 2) and is required during early vertebrate pancreatic specification and in later stages of pancreagenesis when ␤-cell determination and maturation occur (3) (4) (5) . 9-cis-Retinoic acid has been shown to have a role in the adult pancreas (6) , and we recently demonstrated that when embryonic stem cells that lack RAR␤ are subjected to an endocrine cell differentiation protocol, they show both reduced levels of markers of pancreatic progenitors, such as neurogenin-3 (ngn3), and reduced differentiation into insulin-positive endocrine cells (7) . These data led us to hypothesize that retinoids play an essential role in the maintenance of endocrine cell populations in the adult pancreas. Although Chertow et al. (8, 9) demonstrated that perfused islets from VA-deprived rats had impaired insulin and glucagon secretion, in these studies the fetuses were deprived of VA. This VA deprivation caused pancreatic developmental abnormalities in the pups (10) , making it likely that the pancreatic phenotype resulted from the pancreatic abnormalities shown to be associated with low VA levels during embryogenesis and early development (10) .
Here we demonstrate for the first time that decreases in pancreatic levels of VA in adult mice result in loss of ␤-cell mass, increased ␣-cell mass with concomitant hyperglycemia, and changes to serum insulin and glucagon profiles. These alterations in islet architecture and pancreatic endocrine cell types, serum hormones levels, and hyperglycemia in VA-deprived mice are reversed upon resumption of dietary VA. Because of the clinical interest in the development of pancreatic ␤-cell mass restoration therapy for T2D and type 1 diabetes (11) , the data reported here suggest that pancreatic VA metabolism and signaling should be further explored for endocrine cell restoration therapies in diabetes mellitus.
EXPERIMENTAL PROCEDURES
Animals and Vitamin A-deficient Diets-Details on how lecithin retinol acyltransferase null (LRAT Ϫ/Ϫ ) mice, a genetically modified model of impaired VA storage, were generated can be read in Ref. 12 . Briefly, LRAT Ϫ/Ϫ knock-out mice were produced on a C57BL/6 background and lack the enzyme lecithin retinol acyltransferase, which is the primary enzyme responsible for esterifying dietary VA (retinol). Compared with WT, LRAT Ϫ/Ϫ mice show substantially more depleted VA levels in many tissues when fed a VA-deficient diet because they cannot store VA (12) . WT C57BL/6 male mice (Jackson Laboratory, Bar Harbor, ME) and LRAT Ϫ/Ϫ male mice were housed with five mice per cage with a 12-h light/dark cycle with free access to food and water.
VA Deprivation-Dietary VA deprivation studies were performed on 6-week-old male WT and LRAT Ϫ/Ϫ mice as previously described (12) . The numbers of mice per experimental group and timelines are outlined in Fig. 1A . Briefly, WT and LRAT Ϫ/Ϫ mice were randomly placed on either a VA-sufficient (VAS) control diet (#88406; Harlan, Madison, WI; retinyl palmitate ϭ 20 IU/gram) or a VAD diet (Harlan #88407) for 4 or 10 weeks (w). After 4 and 10 weeks, we subjected cohorts of mice to metabolic testing, and we collected tissue and serum samples in the dark and stored them at Ϫ70°C for further analysis. For VA rescue experiments, cohorts of WT and LRAT Ϫ/Ϫ mice deprived of VA for 10 weeks were switched back to a VAS diet (#88406; retinyl palmitate ϭ 20 IU/gram) for an additional 8 weeks, subjected to metabolic testing, and sacrificed, and tissue and serum samples were collected and stored at Ϫ70°C. All experiments were repeated a minimum of three times (n ϭ 3) with n ϭ 4 -7 mice per group in each experiment. WT and LRAT Ϫ/Ϫ mice fed the VAS and VAD diets for 4 weeks are referred to as 4wVAS and 4wVAD, respectively, and mice fed the VAS and VAD diets for 10 weeks are referred to as 10wVAS and 10wVAD. Cohorts of mice deprived of VA for 10 weeks (n ϭ 5) and then returned to a VAS diet for 8 weeks are referred to as VAD rescued (VADR) mice.
HPLC of Pancreatic Retinol-Pancreas retinol was extracted and analyzed as described (12) . Briefly, 350 l of acetonitrile: butanol (50:50, v/v) and 0.1% butylated hydroxytoluene were added to 0.5 ml of homogenized pancreatic tissue. The mixture was vortexed thoroughly for 30 s. After addition of 300 l of a saturated K 2 HPO 4 solution and thorough mixing, the samples were centrifuged for 10 min at 12,000 ϫ g. The upper organic layer containing retinoids was collected. Retinoid samples (200 l) were loaded on an analytical 5-m reverse phase C18 column (Vydac, Hesperia, CA) and eluted at a flow rate of 1.5 ml/min using a Waters Millennium system (Waters Corp., Milford, MA) automated HPLC system. Retinol was detected at a wavelength of 340 nm and identified by a match of the 32.1-min retention time of a pure ROL standard. We measured extraction efficiency by using retinyl acetate, which, as an internal standard, eluted at 37.3 min. The concentration of the ROL standard and extraction efficiency were used to calculate pancreatic tissue ROL concentrations normalized to mg of wet tissue.
Metabolic Measurements-Glucose tolerance was performed using an intraperitoneal glucose tolerance test (GTT) as previously described (13) . Mice were fasted overnight followed by intraperitoneal injections (n ϭ 5 per group) of 50% glucose in PBS at 2.0 g of glucose/kg of body weight. Tail vein blood was collected at 15, 30, 45, 60, and 120 min postinjection for glucose measurements using a FreeStyle Lite blood glucose monitoring system (Abbott Diabetes Care, Inc., Alameda, CA). Insulin tolerance tests were performed on WT and LRAT Ϫ/Ϫ VA sufficient and LRAT Ϫ/Ϫ VA-deficient mice as previously described (14) . WT and LRAT Ϫ/Ϫ mice were fasted for 3 h followed by intraperitoneal injections with insulin (Humulin R; Eli Lilly, 2 units/kg of body weight). Tail vein blood glucose was measured at 20, 40, 60, and 120 min after injection using a FreeStyle Lite blood glucose monitoring system (Abbott Diabetes Care, Inc.). To determine insulin secretion responses to glucose, serum fractions were isolated between 0 and 60 min after glucose injections and insulin concentrations were measured using an Ultrasensitive insulin ELISA kit (Alpco, Inc., Salem, NH). Random blood glucose measurements were taken from tail veins of 7-10 mice per group at two or three random time points daily after 4 and 10 weeks of VA deprivation. Serum glucagon was measured using a glucagon Quantikine ELISA Kit (R&D Systems). The means are expressed as Ϯ S.E., and p values were calculated using one-way analysis of variance followed by Bonferroni post hoc analysis.
RNA Isolation and cDNA Synthesis-Total RNA was isolated from whole pancreas and small intestine homogenates using RNeasy mini kits (Qiagen) and quantified using a Nano Drop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE). Total RNA (2 g) was used to synthesize cDNA with random primers using a qScript cDNA synthesis kit (Quanta Biosciences, Gaithersburg, MD).
Semiquantitative and Quantitative RT-PCR-Quantitative RT-PCR was performed using SYBR Green PCR master mix on a Bio-Rad MyiQ2 Real Time PCR iCycler (Bio-Rad). Gene specific primers (Table 1) were used to amplify mRNA of target genes, which were normalized to either 36b4 or Hprt internal control genes. cDNA from 5-7 mice per experimental group was analyzed for relative mRNA fold changes, calculated using Pancreatic Insulin and Glucagon Measurements-Pancreatic insulin and glucagon levels were measured in lysates from pancreatic tissues using an ultrasensitive insulin ELISA kit (Alpco, Inc.) and glucagon quantikine ELISA kit (R&D Systems) as per the manufacturers' instructions. Insulin and glucagon concentrations were normalized to pancreatic protein concentrations determined using the DC protein assay (Bio-Rad) according to the manufacturer's protocol. Endocrine hormones levels are reported as means Ϯ S.E., and p values calculated using twoway analysis of variance followed by Bonferroni multiple comparison test post hoc analysis.
Immunofluorescence and Immunostaining Microscopy-Paraffin-embedded or frozen pancreatic tissue sections were incubated with antibodies against: C-peptide (rabbit polyclonal, 1:300, catalog no. 4593, Cell Signaling, Danvers, MA), insulin (mouse monoclonal 1:300, #1061, Beta Cell Biology Consortium), glucagon (mouse monoclonal, 1:300, ab82270, Abcam, Cambridge, MA), glucagon (1:300, rabbit polyclonal #sc-13091, Santa Cruz, Santa Cruz, CA), Crbp1 (RBP1) (mouse monoclonal, 1:300, sc-271208, Santa Cruz) Cyp26a1 (mouse monoclonal, 1:300, # sc-53618 Santa Cruz), Ki67 (rat monoclonal, 1:300, # M7249, Dako, Carpinteria, CA), proliferating cell nuclear antigen (mouse monoclonal, 1:300, #2586, Cell Signaling), Pdx1 (rabbit polyclonal, 1:500; Abcam, ab47267), neurogenin-3 (mouse monoclonal,1:200, #2013, Beta Cell Biology Consortium), Vimentin (goat polyclonal 1:500, #sc-7558, Santa Cruz), ␣-smooth muscle actin (mouse monoclonal 1:1000, Dako, Carpinteria, CA). We utilized Alexa Fluor 594-and 488-conjugated anti-rabbit (1:500), anti-mouse (1:500), anti-goat (1:500), and anti-rat, secondary (1:500) antibodies (Invitrogen) for immunofluorescence labeling of targets, followed by visualization using a Nikon TE2000 inverted fluorescence microscope. Pdx1 signals were visualized with a Super Picture polymer detection kit (Invitrogen).
Measurement of Pancreatic Endocrine Cell Mass and Crbp1 and Cyp26a1 Islet Expression
Patterns-Pancreatic endocrine cell mass and islet Crbp1 and Cyp26a1 islet expression patterns were determined using a direct point counting method coupled with double immunofluorescence labeling (16) . The entire pancreas was excised from 5-7 mice from each experimental group, weighed, fixed in 4% formaldehyde buffer, and embedded in paraffin wax. Paraffin-embedded pancreatic tissues were exhaustively sectioned at 6 -7-m thicknesses 150 m apart, mounted on glass slides, and stained with antibody combinations of either: C-peptide (1:300) and glucagon (1:300), C-peptide (1:300) and Crbp1 (1:300), or C-peptide (1:300) and Cyp26a1 (1:300) at 4°C for 24 h. The appropriate Alexa Fluor anti-rabbit (1:500) and Alexa Fluor anti-mouse (1:500)-conjugated secondary antibodies were used for labeling of ␤-cells, ␣-cells, and Crbp1-and Cyp26a1-positive cells, which were visualized using a using a Nikon TE2000 inverted fluorescence microscope. Between 250 and 300 immunopositive islet fields for C-peptide, glucagon, Crbp1, and Cyp26a1 were photographed per mouse and analyzed for ␤-cell and ␣-cell mass, and Crbp1-and Cyp26a1-positive areas, mean pancreatic islet areas, islet size distributions, and total numbers of islets by using Nikon NIS elements AR advanced imaging software suite (Nikon). ␤-Cell mass was calculated by using the following formula: ␤-cell mass (mg) ϭ total C-peptide positive islet area (m 2 )/total pancreatic tissue area (m 2 ) ϫ pancreatic tissue weight (mg). Total ␣-cell mass was calculated by subtracting the total glucagon positive area from the total islet area and multiplying by pancreatic weight in mg. Endocrine cell mass is reported as means Ϯ S.E., and the p values were calculated using two-way analysis of variance followed by Bonferroni multiple comparison test post hoc analysis.
Correlation Analysis Between Crbp1 and Cyp26a1 Islet Expression and Islet Area-The percentages of total Crbp1-and Cyp26a1-positive islet areas were measured in 250 -300 islet fields per mouse in 5-7 mice per experimental group. The percentages of islet Crbp1-and Cyp26a1-positive areas were determined and, based on a total range of relative islet areas, binned within a range of either large (30,000 -20,000 m 2 ), medium (20,000 -10,000 m 2 ), or small (10,000 -2,000 m 2 ) islet sizes. Linear relationships between pancreatic islet size area and percentages of islet expression of Crbp1 or Cyp26a1 were determined by standard least squares regression analysis using GraphPad Prism 6.0 statistical software (GraphPad Software, San Diego, CA).
Detection of Apoptosis-Apoptosis was measured on frozen pancreatic, liver, kidney, and intestine sections using the TUNEL Apoptag in situ apoptosis detection kit (Millipore, Billerica, MA) and a fluorescein in situ cell death detection kit (Roche Life Sciences) according to the manufacturers' protocols. Apoptotic ␤-cells and hepatocytes were also detected by double immunofluorescence staining with antibodies against cleaved caspase-3 (rabbit monoclonal, 1:500, catalog no. 9961, Cell Signaling), insulin (Beta Cell Biology Consortium), or actin (mouse monoclonal, 1:500, ab3280, Abcam). Percentages of TUNEL-positive nuclei and insulin, cleaved caspase-3, or TUNEL double positive ␤-cells per islet were calculated and reported as means Ϯ S.E., and the p values calculated using two-way analysis of variance followed by Bonferroni multiple comparison test post hoc analysis.
RESULTS

Vitamin A Deprivation Reduces Pancreatic Retinol Levels-
We previously demonstrated that dietary VA deprivation in LRAT Ϫ/Ϫ mice rapidly results in major reductions in pancreatic retinoids (12) , making LRAT Ϫ/Ϫ mice an ideal model to examine the role of VA in adult pancreatic biology. In this study we used both WT and LRAT Ϫ/Ϫ mice, a genetically modified model of impaired VA storage (12, 17) , to define the role of VA in the adult pancreas without any confounding effects of gestational VA deficiency. After 4 weeks of VA deprivation, WT and LRAT Ϫ/Ϫ mice showed 17 and 81% reductions, respectively, in pancreatic ROL levels compared with WT and LRAT Ϫ/Ϫ mice on a VAS diet ( Fig. 1, B and C). After 10 weeks of dietary VAD, ROL levels decreased by ϳ73% in pancreatic tissue of WT and were not detectable in LRAT Ϫ/Ϫ mice ( Fig. 1B , WT 10wVAD, LRAT Ϫ/Ϫ 10wVAD mice). Resumption of a VADR diet for 8 weeks restored pancreatic ROL levels in WT and LRAT Ϫ/Ϫ mice to levels similar to those in WT 10wVAS and LRAT Ϫ/Ϫ VAS mice ( Fig. 1, B and C) . Thus, we conclude that dietary VA deprivation decreases pancreatic ROL levels, which decline further with longer dietary VA deprivation. Because the LRAT Ϫ/Ϫ mice cannot store ROL in most tissues, their pancreatic ROL levels decrease more quickly than those in WT after VA removal from the diet (Fig. 1, B and C) .
Dietary Vitamin A Deprivation in Adult Mice Leads to Impaired Glycemic and Insulin Responses-Because dietary VA deprivation leads to a striking decrease in pancreatic VA levels, we next assessed whether our 4-and 10-week dietary VA deprivation protocols caused alterations in glucose tolerance and glucose-stimulated insulin secretion. We performed GTT and found that in response to a glucose challenge LRAT Ϫ/Ϫ 4wVAD, LRAT Ϫ/Ϫ 10wVAD, and WT 10wVAD mice showed increased glucose excursions and area under the curve glucose, and reduced glucose-stimulated insulin secretion compared with VAS WT and LRAT Ϫ/Ϫ (Fig. 2, A, B , D, E, G, H, J, and K). Total pancreatic insulin content was reduced by 24% in LRAT Ϫ/Ϫ 4wVAD, 26% in WT 10wVAD, and 48% in LRAT Ϫ/Ϫ 10wVAD mice (Fig. 2 , F and L). Islets from VAD WT and LRAT Ϫ/Ϫ mice also showed decreased insulin by immunohistochemistry ( Fig. 2M ). Using semiquantitative and real time PCR, we also detected relative reductions in pancreatic transcripts of pre-insulin genes (ins1 and ins2) in pancreatic tissues from WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice ( Fig. 2N ).
Gross histological analyses of islets from mice revealed that VA deprivation alters islet morphology, with islets from WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice frequently showing irregularly shaped outlines and a lack of a discrete capsule compared with those from WT and LRAT Ϫ/Ϫ 10wVAS mice ( Fig.  2O ). Unlike pancreatic tissue, liver parenchyma ( Fig. 2O ) and kidney medullar and cortex regions (data not shown) from WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice did not have evidence of altered tissue histology.
Peripheral insulin sensitivity was unaffected by VA deprivation ( Fig. 2P ), and random glucose (fed) levels were not different between WT 4wVAS and WT 4wVAD mice after 4 weeks of VA deprivation (Fig. 2C ). However, we detected decreases in blood glucose levels in WT 10wVAD mice and, in contrast, elevations in blood glucose levels in LRAT Ϫ/Ϫ 10wVAD mice ( Fig. 2I ). These data suggest that VA deprivation results in a differential effect on random glucose regulation at this time point ( Fig. 3 , F-I), possibly because of the comparatively lower pancreatic VA levels of LRAT Ϫ/Ϫ 10wVAD compared with WT 10wVAD mice ( Fig. 1B) .
Resumption of dietary VA for 8 weeks normalized glucose excursions, insulin secretion responses, and pancreatic insulin content in WT and LRAT Ϫ/Ϫ VADR mice (Fig. 2 , G-L). Islets of WT and LRAT Ϫ/Ϫ VADR mice showed increased insulin by immunohistochemistry, and mRNA levels of the pre-insulin genes ins1 and ins2 also increased (Fig. 2, M and N) . Collectively, these data demonstrate that VA deprivation results in elevations in random glucose blood levels, impaired glucosestimulated insulin secretion, and decreased pancreatic insulin content, but no alterations in peripheral insulin sensitivity.
Transcripts of Pancreatic Genes Involved in Retinoid Metabolism and Signaling Are Altered by VA Deprivation-The biologically active form of VA, all-trans-RA, can increase the transcript levels of some VA metabolizing proteins, such as Cyp26a1, and RA binding proteins, such as Crabp2 and RAR␤2 (18 -20) . Thus, the relative mRNA levels of these and other RA-regulated genes can serve as a readout of the retinoid status and responsiveness of tissue. We performed quantitative real time PCR on whole pancreatic tissue instead of in isolated pancreatic islets because enzymatic and mechanical purification has been shown to alter the transcriptional profiles of islets (21, 22) . Quantitative RT-PCR analysis of pancreatic tissues from VAD and VADR mice showed that pancreatic RAR␣ and retinoid X receptor (RXR) ␣ transcript levels were unaffected in the VAD WT and LRAT Ϫ/Ϫ compared with VAS WT and LRAT Ϫ/Ϫ mice (Fig. 3 , A and D). In contrast, RAR␤2 and RAR␥2 transcript levels were greatly reduced in pancreata of VAD WT and LRAT Ϫ/Ϫ mice (Fig. 3 , B and C). However, RAR␣, RXR␣, RAR␤2, and RAR␥2 transcript levels were similar in VADR WT and LRAT Ϫ/Ϫ and in VAS WT and LRAT Ϫ/Ϫ (Fig. 3, A-D) .
Dietary VA deprivation also resulted in reductions in pancreatic transcript levels of major intracellular retinoid carrier proteins, including Crbp1, Crabp1, and Crabp2 (Fig. 3 , E-G), and in transcript levels of Cyp26a1 (Fig. 3H) , the enzyme responsible for catabolism of RA (18) . Relative transcript levels of RAR␤2, RAR␥2, Crbp1, Crabp1, Crabp2, and Cyp26a1 in WT and LRAT Ϫ/Ϫ VADR mice, however, were similar to the levels in WT and LRAT Ϫ/Ϫ VAS mice ( Fig. 3, E-H) . These data demonstrate that dietary VA deprivation, reductions in pancreatic VA levels, and the subsequent metabolic phenotype caused by VA deprivation coincide with greatly reduced pancreatic transcript levels of genes involved in VA signal transduction, including Crbp1, Crabp2, RAR␤2, RAR␥2, and Cyp26a1. Thus, pancreatic retinoid signaling is impaired because of dietary VA deprivation.
VA Deprivation Decreases Crbp1 and Cyp26a1 Expression in Larger Islets-Crbp1 (also referred to as RBP1) is one of two major ROL cytoplasmic transport proteins, and Cyp26a1 is responsible for the metabolism of RA into polar metabolites (21, 22) . Both are essential for normal VA metabolic and signaling homeostasis (23) (24) (25) ; therefore, given the reductions in Crbp1 and Cyp26a1 transcripts in VA-deprived mice (Fig. 3 , E and H), we used double immunofluorescence microscopy to determine whether immunoreactivity to antibodies against Crbp1 and Cyp26a1 was reduced in islets of VAD mice.
We also sought to determine whether Crbp1 or Cyp26a1 is preferentially expressed in the endocrine or exocrine pancreas and whether patterns of Crbp1 and Cyp26a1 protein expression differ in large (30,000 -20,000 m 2 ), medium (20,000 -10,000 m 2 ), and small (10,000 -2,000 m 2 ) sized islets. We discovered that Crbp1 immunopositive cells are present within both the islets and exocrine acini (white arrows) of WT 10wVAS and LRAT Ϫ/Ϫ 10wVAS mice (Fig. 4, A and D) ; however, none of the Crbp1-positive islet cells was double positive for the ␤-cell marker C-peptide ( Fig. 4 , A and D, white box enlarged in D) or the ␣-cell marker glucagon (not shown). We did not detect Crbp1 immunopositive areas in ductal epithelial regions (Fig. 4 , A and D).
Stellate cells are one of the principal VA storing cells in mammals and are found in numerous tissue types, including the pancreas (26) . We performed double immunofluorescence staining of pancreatic sections with the stellate cell marker vimentin and Crbp1 antibodies to determine whether the Crbp1-positive cells are pancreatic stellate cells (PSCs). We found that more than 90% of the Crbp1-positive cells in the exocrine pancreas ( Fig. 5A and B , merged image, white arrows) and islets (Fig. 5, A and B , merged image, white arrows) are positive for vimentin, and VA deprivation resulted in a 45-55% decrease in Crbp1-positive PSCs (Fig. 5B ). We did not detect a decrease in the number of PSCs, nor did we detect an increase in PSC expression of ␣-smooth muscle actin (␣-SMA) (not shown), a marker for activated PSCs, which confers loss of VA storage capacity (27) . The decrease in the percentages of Crbp1-positive PSCs in VA-deprived mice prompted us to measure the pattern of Crbp1 expression across all islet sizes in VAS and VAD mice using direct morphometric analysis coupled to immunofluorescence staining.
Regression analysis demonstrated that islet expression of Crbp1 positively correlates with islet size in WT 10wVAS and LRAT Ϫ/Ϫ 10wVAS (r ϭ 0.85, r ϭ 0.913; Fig. 4H, panels a and d) . This correlation is lost in pancreatic tissue of VA-deprived WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice (r ϭ 0.256, r ϭ 0.312; Fig. 4H , panels b and e) as a result of the 80 -90% aggregate decrease in Crbp1 protein in large and medium islets ( Fig. 4G ). VA deprivation did not decrease Crbp1 protein levels in the smallest islet pools (10,000 -2,000 m 2 ; Fig. 4G ). Dietary VA rescue for 8 weeks, which restored pancreatic ROL levels ( Fig.  1B) , also restored the positive relationship between Crbp1 expression and islet size in WT VADR and LRAT Ϫ/Ϫ VADR mice (r ϭ 0.813, r ϭ 0.712; Fig. 4H , c and f). VA deprivation also led to a 3-5-fold reduction in exocrine pancreatic Crbp1-positive areas in WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice ( Fig. 4 , B, E, and G (VAD), whereas exocrine pancreatic Crbp1-positive areas were again detected by 8 weeks after resumption of the VAS diet ( Fig. 4 , C, F, and G (VADR)).
The cytochrome P-450 enzyme Cyp26a1 mRNA and protein levels are strongly induced by RA (22) , and Cyp26a1 levels are a key indicator of intracellular RA levels (22) . We found that, similar to the expression pattern of Crbp1, both exocrine acini and islets (white arrows) were strongly immunopositive for Cyp26a1 ( Fig. 4 , I and L). Islet immunopositive Cyp26a1 cells did not express markers for pancreatic ␤-cells ( Fig. 4L , white box enlarged) but as expected did express the stellate cell marker vimentin (not shown), supporting the notion that Cyp26a1-positive cells are PSCs. Cyp26a1 protein level is also positively correlated with islet size in WT and LRAT Ϫ/Ϫ 10wVAS (Fig. 4P, a and d) , but not in WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice ( Fig. 4 , J, M, and P, panels b and e) because of the 88 -90% decrease in Cyp26a1 protein levels in the large to medium islet pools in both WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice (Fig. 4O) . The positive correlation between islet size and Cyp26a1 protein level was restored in both WT and LRAT Ϫ/Ϫ by 8 weeks of refeeding a VAS diet ( Fig.  4, K, N, and P, panels c and f (VADR) ).
Dietary Vitamin A Deprivation Leads to ␤-Cell Apoptosis in Large Islets-Given that retinoids possess the capacity to regulate apoptosis in vertebrates (28), we next determined whether removal of dietary VA caused changes in pancreatic programmed cell death. We coupled TUNEL staining with islet morphometric analyses to determine the percentages of apoptosis in large (30,000 -20,000 m 2 ), medium (20,000 -10,000 m 2 ), and small islets (10,000 -1,000 m 2 ) of 4 and 10 week VAS and VAD WT and LRAT Ϫ/Ϫ mice. We found no evidence of apoptosis in the exocrine or endocrine pancreata of mice fed the VAS diet (Fig. 6A, panels a-c and j-l, and B) . Consistent with our data that LRAT Ϫ/Ϫ mice become VAD more rapidly than WT (12), we detected apoptosis in 60% of the cells in the large to medium sized islets and in 10% of the cells in the smaller islets in LRAT Ϫ/Ϫ 4wVAD mice, but we only detected apoptosis in ϳ1.5-2.5% of the cells in the large to medium islets and no apoptosis in the smaller islets of WT 4wVAD mice (Fig. 6B) . WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice showed disproportionately higher apoptosis in large to medium islets (ϳ20 -30%; yellow arrowheads in Fig. 6, A, panels d, e, m, and n, and B) , compared with the small islets (ϳ5%; yellow arrowheads in Fig.  6A, panels f and o, and B) . Pancreatic islets from WT VADR mice exhibited apoptosis in only ϳ10% of the cells in the large and medium islets (yellow arrowheads in Fig. 6A, panels g and h, and B). LRAT Ϫ/Ϫ VADR mice showed no detectable apoptotic nuclei in large islets and apoptosis in only ϳ3-4% of the cells in the medium size islets (yellow arrowheads in Fig. 6, A, panels p  and q, and B) . In all conditions and in both WT and LRAT Ϫ/Ϫ , the small islets showed less than 10% apoptosis (yellow arrowheads in Fig. 6, A, panels c, f, i, l, o, and r, and B) .
Caspase-3 is a member of the family of cysteine proteases involved in executing early events in the apoptotic program (29) . Proteolytic cleavage of caspase-3 marks the irreversible commitment of a cell to programmed cell death, a process that occurs before fragmentation of DNA (29) . Given the decreased pancreatic insulin content of VA-deprived mice (Fig. 2, J and L) , (4wVAS, 4wVAD, 10wVAS, and 10wVAD ). At 10 weeks, additional cohorts of VA-deprived WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice were switched back to a VAS diet (Harlan TD #88406, Madison, WI; retinyl palmitate ϭ 20 IU/gram) for 8 weeks and were then subjected to GTT and sacrificed, and tissue and serum samples were collected and stored at Ϫ70°C (VADR). Experiments were performed three times, starting with new groups of 6-week-old mice for each experiment (n ϭ 3). B, HPLC analysis of all-trans-retinol in pancreata of VA-sufficient and -deprived mice. Quantitation of pancreatic retinol levels (pmol/mg pancreatic tissue) from WT and LRAT Ϫ/Ϫ mice subjected to 4 or 10 weeks of a VAS or VAD diet or 10 weeks of VAD diet followed by 8 weeks of VADR. Errors bars represent Ϯ S.E. *, p Ͻ 0.05; ***, p Ͻ 0.001; ND, not detected. C, HPLC chromatograms of mice described for A. Based on retention times of pure standards, a single peak at 32.1 min was identified as all-trans-retinol, and a peak at 37.3 min was identified as retinyl acetate (retinyl-Ac) (internal standard). JANUARY we used double immunofluorescence staining of islets with antibodies against insulin (green) and cleaved caspase-3 (red) to determine whether pancreatic ␤-cells were the cells undergoing apoptosis in response to VA deprivation. Analysis of green channel (insulin) and red channel (cleaved caspase-3) merged immunofluorescence regions in large islet pools revealed the presence of numerous apoptotic ␤-cells in islets of VA-deprived WT and LRAT Ϫ/Ϫ mice (Fig. 6C, upper panels, VAD, white arrowheads, double-labeled, yellow/orange positive fields). WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice showed 46 and 34% cleaved caspase-3-positive ␤-cells ( Fig. 6D) , which is consistent with the degree and pattern of TUNEL-positive islets in WT 10wVAD versus LRAT Ϫ/Ϫ 10wVAD mice (Fig. 6, A  and B) . Double immunofluorescence staining with cleaved caspase-3 and glucagon showed that less than 2% of ␣-cells were cleaved caspase-3 double positive in all experimental groups (data not shown). We also performed double TUNEL and insulin staining of islets to determine whether the percentage of caspase-3-positive ␤-cells is an indicator of the percentage of ␤-cells that undergo apoptosis in response to VA deprivation. We found that, consistent with our caspase-3 staining and colorimetric TUNEL assays, VA deprivation leads to ϳ30 -40% ␤-cell apoptosis (lower panels, white arrows, blue/green nuclei; Fig. 6, C and D) .
Vitamin A Maintains ␤-Cell Cell Mass in Adult Mice
To determine whether VA-deprived mice experienced broad, nonspecific programmed cell death in various other tissues we performed TUNEL staining of frozen liver, kidney, and small intestine sections from WT and LRAT Ϫ/Ϫ VAS and VAD mice and found no increase in apoptosis associated with VA deprivation in these tissues (not shown). Importantly, these data indicate that although we induced dietary VAD in the entire animals, the pancreas ␤-cells are uniquely sensitive to VAD compared with other cell types in the various other organs.
Dietary Vitamin A Deprivation Reduces Pancreatic Islet Sizes but Not Islet Numbers-Given the marked increase in islet apoptosis that we observed in WT 10wVAD, LRAT Ϫ/Ϫ 4wVAD, and LRAT Ϫ/Ϫ 10wVAD mice, coupled with the absence of compensatory endocrine cell proliferation in VA rescued mice, we hypothesized that apoptosis in larger islets would diminish the mean islet area of VA-deprived mice. We first comprehensively measured pancreatic islet size distributions by direct morphometric analysis of 4 and 10 weeks VAS WT and LRAT Ϫ/Ϫ mice, which exhibit a leftward skewed pattern of islet size distributions consistent with what has been reported in mice, humans, and other vertebrates using direct morphometric and mathematical model analyses ( Fig. 7 , A-D) (30 -32) . LRAT Ϫ/Ϫ 4wVAD showed a 38% decrease of large to medium sized islets (30,000 -16,000 m 2 ) and a concomitant 34% increase in medium to small sized islets (16,000 -4,000 m 2 ), but no change in the smallest islet populations (200 -4,000 m 2 ) compared with LRAT Ϫ/Ϫ 4wVAS mice (Fig. 7B) . No relative changes in islet size distributions were detected in WT 4wVAD mice (Fig. 7A ). We detected additional changes in islet size distributions in both WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice, including a 92-97% reduction in large islets (30,000 -20,000 m 2 ), a 70 -85% reduction in medium size islets (20,000 -10,000 m 2 ), and a 38 -40% increase in the smallest islets (10,000 -200 m 2 ) (Fig. 7, C and D) . , medium islets (20,000 -10,000 m 2 ), and small islets (10,000 -2,000 m 2 ) of mice described for A-F. Error bars represent Ϯ S.E. *****, p Ͻ 0.00001. H, panels a-f, correlation between percentage Crbp1-positive islets and islet areas from mice described for A-F. I-N, representative images of pancreatic islets, double immunofluorescence stained with antibodies against Cyp26a1 and C-peptide from mice described for A-F. Magnification, 400ϫ; scale bars, 100 m. O, quantitation of percentage Cyp26a1-positive areas of large islets (30,000 -20,000 m 2 ), medium islets (20,000 -10,000 m 2 ), and small islets (10,000 -2,000 m 2 ) of mice described for A-F. Errors bars represent Ϯ S.E. *****, p Ͻ 0.00001. P, panels a-f, correlation between percentage of Cyp26a1-positive islets and islet areas from mice described for A-F (for all panels, n ϭ 3). Dietary VA deprivation did not alter the total number of islets, pancreatic weights, or body weights of WT or LRAT Ϫ/Ϫ mice ( Fig. 7, E, G, and H) , which consequently resulted in significant reductions in mean pancreatic islet areas that coincided with the frequent appearances of clusters of smaller islet pools in both WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice compared with VAS WT and LRAT Ϫ/Ϫ mice (Fig. 7, F, I, J, L, and  M) . Pancreatic islet size distributions in VA rescued WT VADR and LRAT Ϫ/Ϫ VADR mice were similar to those in WT 10wVAS and LRAT Ϫ/Ϫ 10wVAS mice (Figs. 7C and 6D) , and the presence of smaller islet clusters was not observed in pancreatic sections of WT VADR and LRAT Ϫ/Ϫ VADR mice (Fig.  7, K and N) . We conclude that VAD causes a dynamic leftward shift in the pancreatic islet size distributions.
Vitamin A Deprivation Causes a Decrease in ␤-Cell Mass-We next determined whether VA deprivation affected endocrine cell mass, given the decreases in pancreatic ␤-cells ( Fig.  6C ) and mean islet areas of VA-deprived WT and LRAT Ϫ/Ϫ mice (Fig. 7F ). Our analysis demonstrated that WT 4wVAD mice had no evidence of diminished endocrine cell mass (Fig. 8,  A and B) . However, consistent with the reduced pancreatic insulin levels (Fig. 2F ) and glucose-stimulated insulin secretion (Fig. 2D ) observed after 4 weeks of VA deprivation, LRAT Ϫ/Ϫ 4wVAD mice had a 37% (p Ͻ 0.001) decrease in ␤-cell mass ( Fig. 8A, black bars) . Interestingly, we also detected a 48% (p Ͻ 0.001) reduction in ␣-cell mass (Fig. 8B, black bars) , and 28 and 30% reductions in serum insulin and glucagon, respectively, compared with LRAT Ϫ/Ϫ 4wVAS mice (Fig. 8, D and E) . These analyses support the thesis that our genetic model of impaired VA storage, LRAT Ϫ/Ϫ mice, display both hormonal and pancreatic endocrine changes in response to VA deprivation much earlier than VA-deprived WT mice. Although WT 10wVAD mice begin to display the same reductions in glucose-stimulated insulin and pancreatic insulin content observed in VA-deprived LRAT Ϫ/Ϫ mice (Fig. 2, G and J) , LRAT Ϫ/Ϫ 10wVAD mice showed more severe reductions in pancreatic VA levels (Fig. 1B) , glucose-stimulated insulin secretion, and pancreatic insulin content compared with WT 10wVAD mice (Fig. 2, G, J,  and L) . Consistent with this, our ␤-cell mass measurements demonstrate that both LRAT Ϫ/Ϫ 10wVAD and WT 10wVAD mice display large reductions in ␤-cell mass (77 and 38%) and serum insulin (60 and 30%) compared with VAS LRAT Ϫ/Ϫ and WT mice, respectively (Fig. 8, A, D, and G, panels a-f and j-o) ; however, both the ␤-cell mass profile and serum insulin level of LRAT Ϫ/Ϫ 10wVAD mice were ϳ50% lower than WT 10wVAD mice (Fig. 8, A and D) .
Next we analyzed ␣-cell mass and found a more varied pattern of ␣-cell mass measurements between LRAT Ϫ/Ϫ 10wVAD and WT 10wVAD mice. LRAT Ϫ/Ϫ 10wVAD mice showed a 67% (p Ͻ 0.001) increase in pancreatic ␣-cell mass, whereas, in stark contrast, WT 10wVAD mice showed a 67% (p Ͻ 0.001) reduction in ␣-cell mass compared with WT 10wVAS mice (Fig. 8B) . Pancreatic (Fig. 8F ) and serum glucagon (Fig. 8E ) levels reflected the ␣-cell mass profiles of both LRAT Ϫ/Ϫ 10wVAD and WT 10wVAD mice. LRAT Ϫ/Ϫ 10wVAD mice also exhibited a marked increase in ␣-cells (red, glucagon positive) in the islet centers (Fig. 8G, panels m-o) ; this was also observed to a lesser degree in WT 10wVAD (Fig. 8G, panels d-f ) compared with the WT and LRAT Ϫ/Ϫ 10wVAS mice (Fig. 8G, a-c and  j-l) .
The increase in pancreatic ␣-cell to ␤-cell mass ratios and the resultant hyperglucagonemia of LRAT Ϫ/Ϫ 10wVAD mice ( Fig.  8, C, E, and F) were reflected in their elevated fasting glucose levels (Fig. 8H ) and increased hepatic transcripts levels of glycogen phosphorylase (pygl) (Fig. 8I ) compared with LRAT Ϫ/Ϫ 10wVAS mice (Fig. 8, H and I) . Also in agreement with their decreased circulating glucagon (Fig. 8E) , fasting glucose levels ( Fig. 8H ) and hepatic transcripts of pygl (Fig. 8I ) of WT 10wVAD mice were ϳ10% lower than the levels in WT 10wVAS mice (Fig. 8, H and I) and, accordingly, ϳ40% lower than the levels in LRAT Ϫ/Ϫ 10wVAD mice (Fig. 8, H and I) .
Consistent with our observations that reintroducing dietary VA for 8 weeks reversed the impaired insulin secretion (Fig.  2G) , low pancreatic insulin levels (Fig. 2, L and M) , and low VA levels (Fig. 1B) in WT and LRAT Ϫ/Ϫ VADR mice, our analyses showed near reversal of ␣-cell to ␤-cell mass ratios (Fig. 8C) , serum insulin (Fig. 7D ), serum glucagon (Fig. 8E) , fasting glucose levels (Fig. 8H) , and islet architecture in both the WT and LRAT Ϫ/Ϫ 10wVADR mice (Fig. 8G , panels g-i, and p-r, respectively). These data also show that WT and LRAT Ϫ/Ϫ 10wVAD mice show differences in pancreatic endocrine cell and hormone profiles in response to VA deprivation that are related to the more rapid onset and greater severity of the decline in pancreatic VA levels in the LRAT Ϫ/Ϫ mice (Fig. 1B) . These endocrine mass studies additionally reveal that alterations in endocrine cell profiles (i.e. ␣-cell to ␤-cell mass ratios) brought on by VA deprivation are not permanent and are reversible. 
Modulation of Endocrine Cell Mass by Vitamin A Does Not
Vitamin A Maintains ␤-Cell Cell Mass in Adult Mice
insulin-positive ␤-cells during pancreagenesis (5, 33) , and there are data demonstrating that ␤-cell neogenesis can occur in response to ␤-cell ablation or pancreatic injury (34 -36) . Therefore, given that VA rescued mice had restored endocrine mass profiles in response to the reintroduction of dietary VA, we sought to determine whether the restoration of ␤-cell and ␣-cell mass in response to VA restoration was associated with increased proliferation of ␤-cells or other pancreatic cell types. Using monoclonal antibodies against Ki-67, proliferating cell nuclear antigen and insulin, we performed double immunofluorescence staining of pancreatic tissue to label actively proliferating ␤-cells. We found that the aggregate percentage of proliferating Ki-67-positive ␤-cells (white arrows, purple nuclei in Fig. 9, A and B) and nonendocrine cells (yellow arrows, purple nuclei in Fig. 9, A and B) was ϳ1.5-1.8% in WT and LRAT Ϫ/Ϫ 10wVAS samples and that this percentage was unchanged by VA deprivation or VA rescue (Fig. 9, A and B) .
We then asked whether the restoration of ␤-cell mass in VADR mice was associated with changes in expression of two transcription factors: Ngn3 and pancreatic duodenal homeobox-1 (Pdx1). Ngn3 is required for development of all endo-crine cell types during pancreagenesis (37) , and in recent years data support the idea that pancreatic Ngn3-positive cells can repopulate the endocrine pancreas with newly generated ␤-cells in response to injury or toxin-induced destruction of ␤-cell mass (34, 38, 39) . Pdx1 is another developmental transcription factor that is essential to development of insulin-producing ␤-cells (40) . Pdx1 also has a role in ␤-cell regeneration and maturation of insulin secretory machinery and islet growth and expansion (41) (42) (43) .
We used a monoclonal antibody to Ngn3 that can detect murine Ngn3-positive progenitors in models of pancreatic injury (44) . Using a double immunofluorescence approach with antibodies against C-peptide and Ngn3, we were unable to detect endogenous Ngn3-positive areas in our analysis of more than 100 pancreatic endocrine cells, exocrine cells, and ductal fields in all of the dietary VA experimental groups (Fig. 9C , panels a-f).
We also analyzed pancreatic Pdx1 staining by immunohistochemistry and were able to detect Pdx1 immunopositive regions in the islets, acini ( Fig. 9, D, panels a and d, and E) , and pancreatic ductal regions (red arrows in Fig. 9 , D, panels a and d, and E) of WT and LRAT Ϫ/Ϫ 10wVAS mice. In our analysis of more than 100 pancreatic fields, we did not detect differences in pancreatic Pdx1 immunopositive ductal regions (white arrows in Fig. 9 , D, panels b, e, c, and f, and E) or islets (Fig. 9D, panels  b , e, c, and f, and E) in WT and LRAT Ϫ/Ϫ 10wVAD or in WT and LRAT Ϫ/Ϫ VADR mice. Collectively, these experiments demonstrate that VAD-mediated loss and VA-mediated restoration of pancreatic endocrine cell mass do not involve changes in pancreatic cell proliferation or neogenesis.
DISCUSSION
Numerous experimental studies have determined that VA and retinoids possess anti-obesity and anti-lipogenic properties through transcriptional regulation of relevant genes in liver and adipose tissue (45) (46) (47) , but it is unclear whether altered VA metabolism is involved in the pathogenesis of T2D. There is a large body of data demonstrating that insulin resistance alters adipose and renal metabolism of RBP4 (retinol binding protein 4), which paradoxically further promotes insulin resistance and the pathogenesis of T2D (48, 49) . Testament to the growing interest in retinoids as metabolic modulating agents is the recent initiation of phase 2 clinical trials of the synthetic retinoid fenretinide 4-hydroxy(phenyl)retinamide as a novel antiobesity and insulin-sensitizing agent (50) . Still, there remain large gaps in our knowledge of the mechanisms of 4-hydroxy-(phenyl)retinamide and retinoids in modulating the metabolic and endocrine pathways involved in the pathogenesis of obesity, insulin resistance, and T2D. To date, few studies have thoroughly examined the role of retinoids in pancreatic islet biology. In this study, we report that dietary VA is required for the maintenance of normal pancreatic islet architecture, endocrine cell mass, and endocrine function in adult, nondiabetic mice.
Our 4-and 10-week glucose tolerance tests, insulin secretion assays, and apoptosis studies show that as early as 4 weeks after the initiation of the VAD diet, the LRAT Ϫ/Ϫ mice had increased glucose excursions, decreased pancreatic insulin content, and marked (Ͼ50%) pancreatic islet apoptosis (Figs. 2, A and F, and 6B). By week 10 of VA deprivation, LRAT Ϫ/Ϫ 10wVAD mice displayed undetectable levels of pancreatic VA (Fig. 1B) and greatly diminished glucose-stimulated insulin secretion and pancreatic insulin content compared with LRAT Ϫ/Ϫ 10wVAS mice (Fig. 2, G, J, and L) . Our apoptosis measurements in LRAT Ϫ/Ϫ mice also show that VA deprivation causes marked ␤-cell apoptosis (Fig. 6, A-D) , a loss of ␤-cells (Fig. 8A) , a major reduction in total pancreatic islet area (Fig. 7F) , and, consequently, reduced basal insulin levels in the pancreas (Fig. 2, F  and L) . These experiments clearly demonstrate that with increasing severity of pancreatic VA depletion, the degree of impaired glucose tolerance correlates with the loss of ␤-cell mass.
The onset of a strikingly similar, but less severe, metabolic phenotype in WT 10wVAD mice compared with LRAT Ϫ/Ϫ 10w VAD mice provides further evidence that the earlier onset and increased relative severity of the glucose intolerance and pancreatic ␤-cell apoptosis we observed in VA-deprived LRAT Ϫ/Ϫ mice was not due to an unspecified metabolic anomaly related to their genotype but rather to their greater sensitivity to the lack of VA in the diet (12) . Without any evidence of changes in peripheral insulin sensitivity (Fig. 2P) , decreased body weights (Fig. 7H ), or increased cell death and histological changes in other organs, such as the liver, kidney, and small intestines in the VAD mice, our data suggest that pancreatic endocrine functions and specifically the maintenance of ␤-cell populations are reliant on VA. However, given the complex interplay among pancreas, liver, adipose, and other tissues in regulating glucose homeostasis, we cannot exclude the possibility that VA deprivation alters metabolic pathways in other tissues that contribute to the pancreatic endocrine phenotype of VA-deprived and rescued mice.
Our Crbp1 and Cyp26a1 islet immunostaining studies provide evidence for how the pancreas senses changes in tissue retinoid levels and how large islets are specifically affected by decreases in pancreatic VA levels. Decreased cellular Crbp1 and Cyp26a1 levels are associated with poor retinoid responsiveness and low cellular RA levels (23, 25) . We show that when dietary and pancreatic VA levels are sufficient, expression of both Crbp1 and Cyp26a1 correlates with islet size, but that this is not the case under dietary VA deprivation ( Fig. 4, H, panels a,  b, d, and e, and P, panels a, b, d, and e) . Additionally, the reductions and subsequent restoration of pancreatic Crbp1, Cyp26a1, RAR␤2, and RAR␥2 transcripts in WT and LRAT Ϫ/Ϫ VAD versus VADR mice, respectively (Fig. 3) , are compelling and support our hypothesis that VA deprivation reduces pancreatic VA levels that are critical for retinoid signaling and normal pancreatic control of glucose-stimulated insulin release in the adult pancreas. Thus, we interpret the reductions in Crbp1 and Cyp26a1, as assessed by our immunostaining studies ( Fig.  4) , that occur in concert with the reductions in pancreatic VA levels (Fig. 1B) to indicate that dietary VA deprivation prevents the growth and proper functioning of pancreatic islets. That the large islets with the highest percentages of Crbp1 and Cyp26a1 immunopositive regions are preferentially targeted for apoptosis ( Fig. 6C ) and remodeling during VA deprivation (Fig. 6 , A-D) suggests that a reduction in Crbp1 and Cyp26a1 expression provides pancreatic cells an early cue of diminishing VA availability and, if VA levels continue to drop, leads to an intrinsic cascade of ␤-cell programmed cell death and islet remodeling. Lepr db , C57BLKS mice, commonly refereed to as "db/db" mice, are a commonly used genetic model for advanced T2D (51) . With age and progression of the diabetic phenotype, db/db mice exhibit a similar pancreatic islet phenotype as VAD mice, with marked ␤-cell apoptosis, reduced insulin levels, and larger islets (31, 52) . Evidence suggests that humans with T2D also experience a specific loss of larger islet pools (53, 54) .
The loss of larger islet pools was dynamic in that it occurred with a concomitant increase in the percentage of smaller islet sizes (Fig. 7, A-D) . This islet remodeling is more suggestive of a concerted metabolic response to VA deprivation rather than broad, nonspecific cell death. The absence of increased apoptosis in liver, kidney, and small intestines of VA-deprived mice supports this notion and demonstrates that the pancreatic ␤-cells are more sensitive to reductions in dietary and pancreatic VA than other cell types in these other organs. The absence of any changes in total islet numbers ( Fig. 7E ), pancreatic weights (Fig. 7G) , endocrine cell proliferation, and markers of ␤-cell neogenesis ( Fig. 9 , A, C, and D) during VA deprivation provides strong evidence that the increased numbers of medium to small islets in WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice ( Fig. 7 , A-D) are derived from apoptosis in previously larger islets and not from proliferation of pancreatic progenitors. The lack of islet apoptosis (Fig. 6, A and B ) and the normalization of islet size distributions (Fig. 7, C and D) in the VA-deprived mice after restoration of dietary VA also support the notion of a specific, nonpermanent, reversible metabolic program in response to VA deprivation. We conclude that ␤-cell apoptosis and loss of islet mass do not result from nonspecific glucotoxicity secondary to VA deprivation, because WT VA-deprived mice are hypoglycemic, and LRAT Ϫ/Ϫ VAD mice show only marginal hyperglycemia (Fig. 8H ). Moreover, we did not detect histopathology hallmarks of pancreatic glucotoxicity such pancreatitis, islet amyloid deposits, and fibrosis (55) . Therefore, one mechanism by which mice remodel islet size is through modulation of pancreatic VA signaling and apoptosis.
We also found that VA deprivation results in aberrations in endocrine cell mass profiles. By week 10 of VA deprivation, both WT 10wVAD and LRAT Ϫ/Ϫ 10wVAD mice showed losses of ␤-cell mass (Fig. 8A ) and decreased fasting serum insulin levels (Fig. 8D) . Interestingly, LRAT Ϫ/Ϫ 10wVAD mice showed elevated ␣-cell mass, pancreatic glucagon, and glucagon serum concentrations compared with WT 10wVAS and LRAT Ϫ/Ϫ 10wVAS mice (Fig. 8) . The elevated glucose profile and increased hepatic expression of glycogen phosphorylase also suggest that the hyperglucagonemia in LRAT Ϫ/Ϫ 10wVAD mice results in increased hepatic mobilization of glycogen stores and is responsible for the increased fasting hyperglycemia in these LRAT Ϫ/Ϫ mice. It is unclear whether the increased number of ␣-cells is secondary to the loss of ␤-cell mass. The degree of ␤-cell apoptosis, the increased ␣-cell mass, and the presence of ␣-cells within islet centers of LRAT Ϫ/Ϫ 10wVAD mice ( Fig. 8, B, red bar, and G, panels m-o) are consistent with increased numbers and the presence of hyper-responsive, glucagon-secreting ␣-cells within the islets in experimental diabetic rodent models involving ␤-cell ablation (56 -58). In contrast, WT 10wVAD mice showed a decrease in ␣-cell mass, pancreatic and serum hypoglucagonemia, decreased fasting glucose levels, and increased intraislet ␣-cells (white arrows in Fig. 8G , panels d-f) as compared with WT VAS mice (Fig. 8, B and E). The dissimilar pancreatic endocrine cell and hormone profiles of WT and LRAT Ϫ/Ϫ 10w VA-deprived mice are likely a consequence of LRAT Ϫ/Ϫ mice showing the effects of VA deprivation earlier than WT mice. This is apparent from the earlier onset of apoptosis, glucose intolerance, and the severely diminished pancreatic VA levels observed in LRAT Ϫ/Ϫ mice, but not in WT mice, at 4 weeks of VA deprivation ( Figs. 6B; 4, A,  B, D, and E; and 1B) . We predict that with continued VA deprivation, WT mice will develop hyperglucagonemia similar to that seen in the LRAT Ϫ/Ϫ 10wVAD mice.
We showed that the reduction in and subsequent restoration of pancreatic ␤-cell mass during VA deprivation and VA rescue, respectively, are not related to changes in ␤-cell proliferation or neogenesis from Ngn3-positive pancreatic progenitors ( Fig. 9, A-C) . Thus, we think that the restored ␤-cells in VA rescued WT and LRAT Ϫ/Ϫ VAD mice are derived from other endocrine cell types, given the evidence that endocrine cells can transdifferentiate into each other with ectopic expression of a number of developmental transcription factors, such as Pax 4 and ARX (59 -61) . Further experiments are required to determine whether VA can regulate the expression of these and other developmental transcription factors in the adult pancreas.
In summary, our data strongly demonstrate that VA plays a major role in maintaining the ␤-cell mass of larger sized islet populations. Mechanistically, we demonstrate that VA supports ␤-cells through prevention of programmed cell death. Alterations in pancreatic VA levels may be one method through which endocrine cell identities and islet plasticity are altered. Thus, we suggest that synthetic retinoids can be used in the future to prevent ␤-cell cell apoptosis in T2D.
